Susceptibility-weighted imaging (SWI) is a valuable technique for high-resolution imaging of brain vasculature that greatly benefits from the emergence of higher field strength MR scanners. Autocalibrating partially parallel imaging techniques can be employed to reduce lengthy acquisition times as long as the decrease in signal-to-noise ratio does not significantly affect the contrast between vessels and brain parenchyma. This study assessed the feasibility of a Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA)-based SWI technique at 7 T in both healthy volunteers and brain tumor patients. GRAPPA-based SWI allowed a twofold or more reduction in scan time without compromising vessel contrast and small vessel detection. Postprocessing parameters for the SWI needed to be modified for patients where the tumor causes high-frequency phase wrap artifacts but did not adversely affect vessel contrast. GRAPPA-based SWI at 7 T revealed regions of microvascularity, hemorrhage and calcification within heterogeneous brain tumors that may aid in characterizing active or necrotic tumor and monitoring treatment effects. Published by Elsevier Inc.
Introduction
Susceptibility-weighted imaging (SWI) is a powerful tool for high-resolution imaging of the vasculature [1] that has been shown to improve the diagnosis of many pathologic conditions at low field strengths, including brain neoplasms, neurological trauma, vascular malformations and a variety of cerebrovascular and neurodegenerative diseases [2, 3] . The signal loss that creates contrast in the magnitude image arises due to intravoxel dephasing and partial volume effects near venous vessels, typically requiring long echo times (TEs). The additional weighting relies on changes in phase that result from susceptibility effects of deoxygenated blood in venous vessels. With this technique, postprocessing of the phase information is used to amplify magnitude image contrast between tissues that have different susceptibilities.
SWI is expected to be important for measuring blood volume at higher field strengths because the heightened susceptibility effect magnifies phase variations [4] and does not suffer from the severe spatial distortions caused by off-resonance effects associated with echo planar imaging sequences. At 7 T, the enhanced sensitivity to microvasculature can provide a major advantage by allowing the detection of vessels as small as 100-200 μm. One of the disadvantages of this approach is that conventional SWI sequences involve long scan times due to the choice of repetition time (TR), which is influenced by the need to remove background image contrast from T 1 weighting, the signal-to-noise ratio (SNR) and requirement for high spatial resolution to visualize small vessels, despite the decrease in TE at higher field. This places a major emphasis on the need for a faster acquisition in order to improve coverage for a given spatial resolution while minimizing patient discomfort and motion-induced artifacts.
Partially parallel imaging (PPI) acquisitions and reconstruction algorithms [5] [6] [7] [8] [9] can be employed to accelerate long acquisition times as long as the concomitant decrease in SNR does not significantly affect the contrast between vessels and brain parenchyma. Direct techniques like Sensitivity Encoding (SENSE) [7] estimate the localized sensitivity of each coil element from a low-resolution coil calibration scan in order to unfold the aliased pixels in image space. This can be challenging in vivo at 7 T due to larger B 0 and B 1 spatial inhomogeneity. Indirect or autocalibrating (AC) techniques such as Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) obviate the need for explicit coil sensitivity estimation and allow for subsequent array combination [6, [9] [10] [11] [12] . GRAPPA is better suited to handle B 0 /B 1 inhomogeneities than SENSE because the reconstruction is trained by the actual acquired data to generate the missing k-space lines, whereas the accuracy of SENSE relies on the accuracy of separate estimates of the receive coil sensitivity profiles, which is much more sensitive to B 0 /B 1 inhomogeneities. Several variations in reconstruction filter kernel size and calibration procedure have been presented in the literature for GRAPPA-based reconstructions. These include performing the fitting piecewise for segments along the unaccelerated direction [11, 12] , floating node fitting (FNF), which allows additional data fits during the calibration [13] , and a multicolumn multiline interpolation that also utilizes the nearest neighboring points in the frequency encode direction [13, 14] .
The possibility of using PPI techniques for accelerating the acquisition of SWI data has been proposed previously in the literature. Simulating elliptical and GRAPPA k-space undersampling and reconstruction regimes resulted in reduced vessel contrast at lower field strengths [13] . Our prior work in normal volunteers at 7 T found that a twofold acceleration with a GRAPPA-based technique could be achieved without compromising vessel contrast and provided images with improved contrast over SENSE-based reconstruction methods [14] . The goal of this study was to implement SWI at 7 T using a GRAPPA-based PPI technique and to demonstrate its utility in imaging brain tumors. The results were compared to the fully sampled acquisition in healthy controls and brain tumor patients and the SWI parameters adapted for improved visualization of vasculature, hemorrhage and radiation effects within regions of normal brain and tumor.
Methods

Data acquisition
High-resolution T 2 ⁎ -weighted brain MR imaging was performed on 6 healthy volunteers and 11 patients with brain tumors using a 7 T whole-body MR scanner (GE Healthcare Technologies, Milwaukee, WI) with uniform excitation by a volume transmitter and reception by an eight-channel phased-array head coil (Nova Medical, Wilmington, MA). The SWI employed a 3D flow-compensated, SPGR sequence with nominal flip angle=20°, BW=62.5 kHz and FOV=24×24×2.8 cm 3 . The optimal TE for maximum susceptibility contrast and image quality was determined empirically by scanning a range of TEs (8, 12, 16 and 20 ms) on a volunteer. The TR was subsequently shortened from 100 to 40 ms in 20-ms increments to find the minimum possible value that also maintained uniform contrast. A TE of 16 ms and TR of 80 ms resulted in the highest vessel contrast and image quality.
The fully sampled volunteer scans utilized a 512×256×28 (RL×AP×SI) image matrix, while the GRAPPA-based simulations and acquisitions employed either a 512×144× 28 image matrix (for R=2) or a 512×102×28 image matrix (for R=3), with 16 AC lines. The imaging protocol included the acquisition of a low-resolution, proton-density-weighted, fast gradient echo sequence (TE/TR=2.1/150 ms, flip angle=20°, FOV=30×30 cm 2 , image matrix=64×64 and slice thickness=3 mm) for coil sensitivity estimation. Of the 11 patient exams, 5 were acquired using a fully sampled acquisition. For the six patients who received a GRAPPAbased acquisition with R=2, the nearly twofold reduction in acquisition time was used to extend the coverage of the entire tumor. Informed consent was obtained from all patients and volunteers according to our institutional review board.
Reconstruction and postprocessing of complex multichannel data
The raw complex k-space data from all channels were transferred off-line to a Sun Blade 2000 Workstation (Sun Microsystems, Santa Clara, CA), and postprocessing was performed using in-house programs developed with Matlab 6.5 software (MathWorks Inc., Natick, MA) on a Linux cluster with four Sun Fire V20z AMD Opteron servers (2×2.4 GHz, 4 GB memory) running Sun's N1 Grid Engine. For the simulated volunteer scans, the fully sampled complex k-space data from each coil element were decimated in the phase-encoding direction to simulate reduction factors of 2 or 3, while retaining 16 central AC lines. The GRAPPA-based technique employed a 2D 4×3 interpolation kernel using four neighboring points in the phase-encode direction, placed symmetrically around the missing line, and three neighboring data points in the frequency encode axis as FNF points [15] . SWI postprocessing was then performed on the zero-filled complex k-space data on a coil-by-coil basis once the missing lines were synthesized. SWI utilized the phase information from the complex signal to reduce the signal intensity from venous vessels in the magnitude images. Phase masks were constructed from the full complex k-space data of each individual coil element (after the GRAPPA-based reconstruction of the missing k-space lines) through complex division by a lowpass filtered image and scaling the resulting negative phase values between zero and one [1] . The phase masks were then multiplied with the magnitude image from each channel m times, and the resulting susceptibility-weighted images from each channel were combined by either the traditional square root of sum of squares (SOS) method, scaling the data by the variance of its noise for each channel, or summing images weighted by normalized coil sensitivity profiles [16] . For volunteer data, a 64×64 Hanning filter with m=4 weighting was employed. A range of k-space window filter sizes was explored for the patient scans, and a 128×128 point low-pass filter was found to remove the higher-frequency wraps that occurred due to prior surgical resection around the tumor region. In this case, the number of multiplications by the phase mask (m) was increased from four to six to elevate the reduced susceptibility weighting from the larger filter size while minimizing the amount of noise amplification in the final image. A low-pass filter with edge completion [17] was applied to the combined images to minimize any residual intensity variation across the image. Minimum intensity projections (mIPs) through 15mm-thick slabs of similar anatomical locations were generated to obtain the SWI images that were used in the subsequent analysis.
Data analysis
Contrast ratios of the undersampled data sets were compared to the fully sampled case. The choice of contrast ratios for the analysis of patient data was driven by the need to have comparable metrics to the values in normal volunteers within the available scan time. Vessel contrast was estimated from the mIPs of the susceptibility-weighted images using masks of large and small vessels and surrounding brain tissue generated by thresholding the SWI mIP images at varying degrees, removing disconnected pixels and filling-in isolated interior pixels ( Fig. 1) . A different set of thresholds was utilized for each acquired SWI image, and the resulting masks were applied to subsequent simulated undersampled images. Contrast ratios were calculated from the mean signal intensity within each brain mask divided by that of the corresponding vessel mask. The brain parenchyma region was used as the background calculation of large vessel contrast and adjacent white matter as the background for detecting small vessels. Statistical significance among simulated data sets within the same volunteer was evaluated using a Wilcoxon signed-rank test, and comparisons between patient groups used a Wilcoxon rank sum test.
SNR and CNR values were also calculated in the two acquired normal volunteers for whom the necessary repeat scans were available. The SNR was calculated from the preprocessed magnitude images of two repeated scans for each acquisition on one volunteer data set using the tworepetition method described by Dietrich et al. [18] , where the average SNR in a given ROI is determined as the ratio of average signal in the mean image and the standard deviation of the signal in the difference image. The CNR calculation divided the change in signal intensity in the small vessels from the surrounding white matter tissue by the standard deviation of the signal in the difference image of the final min-mipped SWI image. 
Simulated GRAPPA-based volunteer data
The mean contrast ratios for fully sampled and simulated GRAPPA-based data from normal volunteers are displayed in Table 1 . There was no statistically significant difference in large vessel contrast (PN.2, Wilcoxon signed-rank test) between the GRAPPA R=2 and fully sampled acquisitions, but a 2.8% reduction in small vessel contrast was observed (Pb.02). Simulating an R=3 reduction resulted in a 1.9% decrease in large vessel contrast compared to that of the R=2 acquisition (Pb.02), but the small vessel contrast remained relatively constant (PN.2).
Vessel contrast ratios were also sensitive to the method of coil combination as shown in Fig. 2 . When using a weighted sum of coil sensitivity profiles for coil combination [16] , 11% and 15% decreases in large and small vessel contrast were observed for the fully sampled acquisition compared to the SOS combination (Pb.05). For GRAPPA-based data sets, a 2% increase in large vessel contrast was detected when using the coil sensitivity profiles to combine the data (Pb.05). A 2% increase in large vessel contrast persisted when weighting by the noise variance of each coil (Pb.05), with no effect on small vessel contrast. Visual assessment of the combined images showed greatest uniformity when weighting by the noise variance of each channel.
Acquired GRAPPA-based volunteer data
Data were acquired for two volunteers with scan times of 10 min 59 s, 6 min 12 s and 4 min 25 s for the fully sampled 
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k-space, a reduction factor of R=2 and a reduction factor of R=3, respectively. The R=3 acquisition results in a 2.5-fold decrease in scan time, rather than a threefold acceleration, because of the additional AC lines required for GRAPPA. Fig. 3 depicts SWI images comparing two-and threefold accelerations to the fully sampled data set for a representative volunteer. Visual inspection demonstrates similar vessel contrast between the fully sampled and R=2 acquisitions. For the R=3 acquisition, there was no visible disparity in large vessel contrast compared to the fully sampled and R=2 scans, but the visibility of small vessels was slightly hindered. Small vessel contrast ratios for the R=3 acquired data sets were similar to those from the R=2 scans. SNR measurements revealed a 37.6% decrease in SNR for the R=2 acquisition, with a 43.1% reduction in total scan time.
The R=3 scan showed a 49.3% decline in SNR, with a reduction of 60% in scan time. CNR values for small vessels varied at least 43% depending on the spatial location, while contrast ratios only exhibited an 8% deviation in values obtained from different regions throughout the brain and more accurately characterized the visual appearance of these vessels (Fig. 4 ). 
GRAPPA-based SWI of brain tumor patients
Similar contrast ratios were observed for the patients with brain tumors when projected at the same thickness as the data from the volunteers (PN.1, Wilcoxon rank sum test). Large and small vessel contrasts were similar between patient cohorts with the fully sampled and R=2 acceleration (PN.5). Fig. 4 shows representative SWI images of brain tumors for the fully sampled and R=2 acquisitions and corresponding anatomical imaging obtained from a subsequent 3 T scan. The right-hand panel portrays an untreated patient with high-grade glioma, where the SWI is able to highlight regions of chronic hemorrhage or calcification in portions of the contrast-enhancing lesion. The left-hand side of Fig. 5 illustrates additional contrast within a Grade III glioma after having received radiation and chemotherapy. A hemosiderin ring following the majority of the contrastenhancing rim lesion on the post-gad T 1 -weighted 3 T images and microhemorrhages within the surrounding edema both show marked hypointensity on the SWI image, whereas regions of acute hemorrhage with T 1 hyperintensity on the pre-gad 3 T images also appear hyperintense on the SWI. Fig. 6 further demonstrates the utility of GRAPPA-based SWI at 7 T by illustrating microhemorrhages in normal brain tissue due to radiation, the recruitment of large blood vessels in active tumor regions and the accumulation of blood products. The 7 T SWI provides additional contrast both within the enhancing tumor lesion and surrounding edema, and performing a mIP is not always necessary to visualize vessels, blood products or radiation effects in the tumor region.
Although similar vessel contrast was observed in brain tumor patients as healthy volunteers, the presence of higherfrequency phase wraps arising from susceptibility-induced phase changes from surgical resection or heterogeneous tumor tissue would have contaminated image quality in 8 out of 11 patients if the same postprocessing parameters were used. To accommodate this, the filter kernel size and number of mask multiplications were altered to minimize the number of residual phase wraps in these regions while maintaining heightened vessel contrast. Small vessel contrast was heightened by 5% with increased filter size and m value in all patients ( Table 1 , Pb.05), with no significant difference in large vessel contrast (PN.5, Wilcoxon signed-rank test). The additional noise from the increased multiplications was not visually apparent in the final SWI images although the standard deviation of image intensity within the normal brain region increased by 7% and 10% (Pb.05) for the fully sampled and R=2 acquisitions, respectively.
Discussion
This study has shown the feasibility and highlighted the potential benefits of using a GRAPPA-based acquisition and reconstruction to accelerate susceptibility-weighed imaging The implementation of parallel imaging with GRAPPAbased reconstruction can allow at least a twofold reduction in scan time without significantly compromising the contrast between veins and surrounding brain tissue. This may be used to either increase coverage or reduce scan time without impinging on spatial resolution. The ability to visualize the vessels in SWI is influenced by two factors. The first is the intrinsic contrast in the magnitude images, which shows vessels as being darker and is influenced by the contrast in the vessels. The second is the weighting provided by the phase of the image at each pixel and which increases local contrast relative to surrounding tissue. The latter is highly dependent on the SNR of the images and accentuates the contrast in the weighted image when the mean signal in the vessel and the mean of the background regions of interest are close in value. Although CNR values are commonly reported to assess image quality, it was not the best choice of metrics for this study due to the variation of noise throughout the head, which was even further exacerbated by both the reconstruction and numerous postprocessing calculations (i.e., coil combination, high-and low-pass filtering, multiplications and projections) applied to create the images. Further studies are necessary to explore the effects of each of these processing steps on the distribution of noise before measures such as CNR can be considered the standardized metric to compare GRAPPAbased SWI images. In this study, contrast ratios were a much more stable, reproducible measure that more accurately reflected the contrast visually perceived in these images, with only an 8% deviation in values obtained from varying spatial locations (Fig. 4) .
The size of vessels experiencing diminished contrast ratios was shown to increase with higher reduction factors. For simulated data sets, larger vessels did not exhibit lower contrast compared to surrounding tissue until a threefold reduction factor (or 2.5-fold acceleration in scan time) was implemented, but smaller vessels began to lose contrast after a twofold reduction in k-space sampling. This effect was most likely due to the associated decreased SNR. There were no significant differences in contrast for the two normal volunteers and patients scanned with accelerated acquisitions relative to the patients with data acquired using full k-space sampling for both vessel sizes. One possible explanation for there being differences in significance between the simulated and empirical data is that the methods for defining the phase For the simulated data sets, the mask was generated from the fully sampled acquisition and then subsequently applied to the reduced data sets. For scans with reduced k-space sampling, it was necessary to create a new set of masks for each acquisition in order to compensate for any motion or misalignment that might have occurred between full and reduced data acquisitions. This meant that the difference in contrast among the reduced acquisitions in the normal volunteer data sets could not be directly compared in the same way as for the simulated data sets. The contrast ratios for acquired GRAPPA-based scans were within the range of values obtained from the simulated data in all cases.
Comparisons of vessel contrast ratios were further influenced by the method of coil combination. A weighted sum combination should yield similar or elevated vessel contrast compared to SOS due to the increase in SNR inherent with this combination. However, this was only true for large vessel contrast at higher reduction factors. Contrary to what was expected, the SOS combination had improved small vessel contrast compared to the weighted sum combination. This suggests that a higher-resolution coil sensitivity profile is required to improve the contrast of smaller vessels in the weighted sum combination. For both the fully sampled and GRAPPA-based data sets, weighting by the noise variance of each coil seemed to improve large vessel contrast without adversely affecting the detection of smaller vessels. This may be due to the difference in noise amplification among receive coils dominating the balance between the decrease in signal intensity away from the coil elements and the heightened signal due to the dielectric effect in the center of the head that exists for a circularly symmetric array of coils at high field strengths.
The acquisition parameters utilized in this study were selected to optimize vessel contrast and overall image quality in normal volunteers and were then held constant for applications to patients with brain tumors. This meant that the patient data may not always have been acquired with the best possible acquisition parameters and that some of the postprocessing parameters needed to be altered. The greatest problem when transitioning from normal volunteer to brain tumor patients was the higher-frequency phase wraps that arose from susceptibility-induced phase changes caused by surgical resection or heterogeneity within the tumor itself. The simplest postprocessing solution to remove this artifact was to increase the size of the k-space windowing filter. Since the resulting phase mask is more high-pass filtered, a larger number of multiplications is necessary to achieve the same contrast. The trade-off is a decrease in SNR caused by amplification of noise from the increased multiplications. This was evident in the elevated standard deviations observed within each mask. Alternative methods to stronger k-space filtering for the removal of phase wraps [19] , although more challenging at 7 T due to the higher-frequency phase wraps and the reduced SNR introduced with parallel imaging, may also be explored.
Although shorter TEs could be utilized to minimize residual phase wrapping artifacts, a shorter TE would result in decreased contrast and susceptibility weighting and not necessarily decrease scan times since a longer TR is still necessary to remove any background image contrast due to T 1 weighting that would obscure vessel contrast. Future optimization of these parameters in a heterogeneous cohort of brain tumor patients would help determine which combination of TE and filter selection minimizes the number of phase wraps and maximizes both SNR and susceptibility contrast.
In conclusion, we have demonstrated the feasibility of implementing a GRAPPA-based SWI method at 7 T, with up to a 2.5-fold reduction in scan time in normal volunteers without significantly diminishing vessel contrast. The heightened contrast achieved at 7 T is a 1.4-and 1.2-fold improvement over 3 T for large and small vessels [20] . Large brain tumor lesions were covered in less than 7 min, facilitating the incorporation of this technique into routine patient studies. The preliminary results obtained with SWI at 7 T suggest that unique forms of contrast may be useful for assessing response to both radiation and antiangiogenic therapies for patients with brain tumors. Future increases in slice thickness to 2 mm, as recently described by Xu and Haacke [21] as the best voxel aspect ratio for the visualization of veins, will improve both SNR and coverage, allowing for decreased flip angles and TRs to further shorten scan time.
